The complexity and demands of wildland firefighting in the western U.S. have increased over recent decades due to factors including the expansion of the wildland-urban interface, lengthening fire seasons associated with climate change, and changes in vegetation due to past fire suppression and timber harvest. In light of these changes, the use of more wildland fire on the landscape could reduce fuels and form barriers to the spread of future fires while performing forest restoration in some areas. However, the risks, costs and benefits of changing fire response strategy have not been quantified. Here, we identify gaps regarding the ability to simulate alternative wildfire suppression strategies, due to a number of factors including limited data collected on fireline construction, as well as synergies between firefighting resources and resource effectiveness. We present a fire management continuum: at one end lies full suppression of all fires under all circumstances, and at the opposite end lies no suppression of any fires regardless of location or time in season, with a wide array of managed fire options falling in between. Next, we demonstrate the proof-of-concept using a stochastic fire simulation model, FSim, to simulate two alternative fire suppression strategies close to opposite ends of this continuum for the Sierra National Forest of California: (1) business-as-usual, which equates to nearly full fire suppression; and (2) full suppression of human-caused fires and no suppression actions on lightning-caused fires. Results indicate that fire management strategy can substantially affect the number of large fires and landscape burn probabilities, both of which were shown to increase under the second scenario. However, temporal feedbacks are expected to play an important role: we show that increases in burned area substantially limit ignition potential and the extent of subsequent fires within the first five to ten years, especially under the second scenario. While subject to current data gaps and limitations in fire modeling, the methodology presented here can be used to simulate a number of alternative fire suppression strategies, including decisions to suppress or not suppress fires based on location, time of season or other factors. This method also provides basic inputs needed to estimate risks, costs and benefits of various alternative suppression strategies in future work. In future work, uncertainties resulting from current limitations in knowledge can be addressed using techniques such as scenario planning in order to provide land managers with a set of possible fire outcomes.
Introduction
Wildland fire management in the United States and elsewhere has increased in complexity commensurate with dramatic shifts in the fire environment due to factors such as changing climate, land use and population [1] [2] [3] [4] . These shifts produce continued if not growing concerns over escalating fire suppression costs, losses of highly valued resources including homes, and firefighter fatalities (e.g., [5, 6] ). Where fires are of higher severity than would be expected by the range of natural variability, concerns are raised about losses to natural ecosystems and endangered species habitat [7, 8] . The legacy of past management practices contributes to the problem, since aggressive fire suppression produces increased fuel loading and continuity that makes future fires resistant to control, a syndrome known as the fire paradox [9] [10] [11] [12] [13] . Continuing a business-as-usual full suppression strategy is recognized as unsustainable [14] , and new paradigms call for learning to live with fire and promote socioecological resilience that can adapt to disturbance rather than futilely attempt to minimize or exclude it [15] [16] [17] . In many locations, the biophysical solution might well be more fire, not less: the choices lie around where and under what conditions to leverage prescribed and managed fires [18, 19] . Mechanical treatment alone is insufficient to reduce fuels without the use of prescribed fires [20] , is limited in spatial scope compared to the scale of many wildfires [18, 21] and is constrained by practical factors including access in many areas [22, 23] . Therefore, an increasing role exists for using unplanned ignitions to manage fuels in selected areas and under selected conditions [24] .
Significant recent improvements in spatial risk analysis help prioritize and target areas where fuel treatments are more likely to be effective and efficient at mitigating risk [25] [26] [27] [28] [29] [30] [31] . Embracing risk management and upstream planning (before a fire ignites) has the benefits of buying time and expanding option space once an ignition occurs [32] and is consistent with principles of effective fire management planning developed using the best available science and information [33] . Spatial risk assessment can play an important role in informing the spectrum of management and mitigation decisions. For example, probabilistic fire simulation modeling can serve as the underpinning for assessment of risk to highly valued resources, and subsequent delineation of zones where unplanned ignitions can be used as a tool for fuel reduction and forest restoration with low risk [34] . These assessments can further be coupled with spatially-explicit information on factors related to responder safety and suppression difficulty to improve fire management operations [35, 36] . These new analytical products show promise in supporting risk-informed decision making, ideally resulting in expanded use of unplanned ignitions for resource benefit, fuel treatment and reduced responder exposure.
Despite this promise and growing recognition of the need for more fire, little work is being completed on evaluating, modeling and analyzing how, where and under what conditions the footprint of fire could be expanded on the landscape, and with what consequences. Previous modeling efforts indicate that the fuel treatment effect resulting from a fire may result in substantial cost savings on future fires [37] . However, the current reactive situation incentivizes land managers to send fire suppression resources to attack fires rather than utilizing them as opportunities to achieve longer-term land management objectives. Duff and Tolhurst [38] noted, "As large fires tie up resources for extended periods and are disproportionately expensive [39] , the need to effectively forecast the impacts and suppression effectiveness remains critical". That is to say, although the need for expanding the use of beneficial fire is well recognized, how to do so is not well understood in terms of a pathway forward. While, in certain areas, experience with fire use is strong, gaps remain in capacity for broad-scale implementation and in current approaches to modeling fire suppression. A clear need exists for development and validation of model-based evaluation of alternative response strategies in order to anticipate costs and consequences of leveraging unplanned ignitions, as well as improving understanding of unknowns and uncertainties [40] .
We conceive of fire management as occurring along a continuum, with full suppression in all locations on the landscape at one end of the continuum and no suppression at any location at the opposite end of the continuum (Figure 1) . In between lies a rich array of managed fire options, consisting of those where fire suppression actions are taken based on location of the fire, time of season, cause of ignition or other factors. These locations and times can be evaluated before the ignition occurs through a spatial fire planning process [33, 34] . Notice that "no fire" is not an option on the continuum: although many land management agencies have at times during their histories tried to eliminate fire While the continuum provides an organizing framework for modeling choices around when and where to suppress fires, models that characterize fire spread and the moderating effects of suppression actions on fire spread are also necessary [37] . A simple but useful abstraction is to consider suppression models as in effect being stopping rules where fire growth ceases after some thresholds or criteria are met. These rules can vary in terms of how they are implemented in space and time and whether they are probabilistic or deterministic. A related feature of suppression models is whether suppression actions are modeled explicitly. The most basic of these ignore suppression actions and typically cease fire growth when fire behavior metrics are below some user-defined threshold [42, 43] . Simple models of coupled fire-suppression dynamics consider rates of fire growth and fireline construction independently, where the stopping rule dictates that fire spread ceases in all directions when the amount of fireline that has been constructed equals or exceeds the length of the fire perimeter [38] . More complex approaches instead interact fireline construction with fire growth such that shape and size are affected, but similar basic stopping rules apply [38] .
As it stands, investments in improving fire suppression modeling systems largely surpass investments in improving data collection of fire suppression operations. Thus, despite enhanced modeling capabilities, modelers have a limited ability to credibly parameterize these models and instead are often forced to rely on assumptions, rulesets, expert judgment and sensitivity analysis [38, 42, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Findings from Gebert and Black [56] suggest that less aggressive suppression strategies may result in larger fire sizes. However, the authors did not statistically analyze the potential influence of non-managerial variables (i.e., weather, vegetation and topography) on fire size and further did not test for endogeneity where for instance fires burning into undeveloped wildlands may be more likely to grow larger and be managed at less-than-full suppression. Martell and While the continuum provides an organizing framework for modeling choices around when and where to suppress fires, models that characterize fire spread and the moderating effects of suppression actions on fire spread are also necessary [37] . A simple but useful abstraction is to consider suppression models as in effect being stopping rules where fire growth ceases after some thresholds or criteria are met. These rules can vary in terms of how they are implemented in space and time and whether they are probabilistic or deterministic. A related feature of suppression models is whether suppression actions are modeled explicitly. The most basic of these ignore suppression actions and typically cease fire growth when fire behavior metrics are below some user-defined threshold [42, 43] . Simple models of coupled fire-suppression dynamics consider rates of fire growth and fireline construction independently, where the stopping rule dictates that fire spread ceases in all directions when the amount of fireline that has been constructed equals or exceeds the length of the fire perimeter [38] . More complex approaches instead interact fireline construction with fire growth such that shape and size are affected, but similar basic stopping rules apply [38] .
As it stands, investments in improving fire suppression modeling systems largely surpass investments in improving data collection of fire suppression operations. Thus, despite enhanced modeling capabilities, modelers have a limited ability to credibly parameterize these models and instead are often forced to rely on assumptions, rulesets, expert judgment and sensitivity analysis [38, 42, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Findings from Gebert and Black [56] suggest that less aggressive suppression strategies may result in larger fire sizes. However, the authors did not statistically analyze the potential influence of non-managerial variables (i.e., weather, vegetation and topography) on fire size and further did not test for endogeneity where for instance fires burning into undeveloped wildlands may be more likely to grow larger and be managed at less-than-full suppression. Martell and Sun [57] did account for vegetation and weather and demonstrated that higher levels of fire protection effort can reduce area burned. However, neither study provided details on actual changes in suppression efforts and tactics such as the location and extent of fireline construction. Only with additional investments in empirically-driven research to better characterize the productivity and effectiveness of suppression resources will operational modeling of suppression actions on large fires be possible [58] .
As a modeling philosophy, here we opt for a simpler approach that is less reliant on parameters that are difficult to calibrate and that is less susceptible to compounding model uncertainties. Instead of modeling suppression efforts directly, we vary model parameters and structure to capture changes in suppression via proxy. The drawback with such an approach is that it does limit the types of questions we might explore in terms of suppression tactics and actions, but with the benefit of fewer parameters to calibrate. It is also largely consistent with findings indicating that weather is often the primary driver of fire spread, that suppression resources can be overwhelmed or ineffective during periods of rapid fire growth and that during these severe burning periods, the fires largely define themselves and suppression resources are playing catch up [45, 49, 53, 59] . The stopping rules employed here in effect assume that sufficient suppression resources are in place to capitalize on changes in weather and fire behavior, or that fire spread stops by itself given moderated conditions or the presence of barriers on the landscape (e.g., [43, 50] ).
In this manuscript, we utilize stochastic fire simulation to assess the impact of different fire suppression strategies on annual number of large fires, fire sizes and burn probabilities on a landscape encompassing the Sierra National Forest in California. We leverage recent research and best practices in framing possible alternative strategies in a novel modeling framework in order to yield insight into the impact of changing suppression strategies and as a tool to understand knowledge gaps [32, 35] . We alter model inputs and parameters to approximate alternative management strategies during large fires. We chose two fire management strategies at opposite ends of the continuum to simulate: (1) full suppression of all fires and (2) suppression of human-caused fires with no suppression of lightning-caused fires. In our estimation, Scenario 2 is as far toward the no-suppression end of the continuum as might be feasible given societal constraints, but this scenario is not meant to simulate a pre-European fire regime, as the pattern of human ignitions is likely quite different and the landscape has changed considerably since pre-European times.
Parameterization of these two scenarios required some novel methods, presented in the following section. Next, we present results on how the annual number of large fires, fire sizes and burn probabilities are affected by these two strategies. In addition, we examine how the alternative strategies affect feedbacks in area burned: (1) the likelihood that an ignition will fall on an area that is non-burnable due to being burned during the previous five to ten years; or (2) the extent by which burned area will be reduced if it is assumed that an area can only burn once within a five-to ten-year period. The modeling framework presented here can be augmented in future work to examine other possible fire suppression strategies or to examine the effect of using different suppression strategies for different segments of the landscape.
Materials and Methods

Study Area
While this methodology could be tested and applied anywhere for which input data are available (landscape, weather and fire occurrence), we chose the Sierra National Forest of California as a case study landscape (Figure 2 ). The Sierra National Forest was an early adopter and innovator of spatial risk assessment and strategic pre-fire planning processes that have and will continue to be closely replicated on other National Forests throughout the country [34] . Fire managers identified zones in this National Forest where moderated suppression responses are desirable for ecological objectives, i.e., this case study landscape reflects exactly the type of context where the modeling efforts we develop could provide useful information to guide future response strategy development. The Sierra National Forest comprises about 525,000 hectares situated on the west side of the Sierra Nevada Mountains of California and varies from about 300-3700 m in elevation. Seventy-six percent of the National Forest is tree-dominated, with the remainder being non-vegetated (10%), shrub-dominated (8%), herbaceous (5%) and no dominant life-form (2%) [60] . The most common vegetation types are red fir forest, mesic mixed conifer forest and woodland, and mixed oak woodland [60] . The fire regime consists primarily of frequent fires (≤35-year fire return interval) of low to moderate severity, with 54% of the National Forest having this designation, primarily in the lower elevation areas [61] . As the elevation increases, the fire regime shifts to a longer fire return interval (35-200 years) with low to moderate severity (31% of the National Forest). Other fire regimes in the National Forest include (in order of decreasing prevalence): barren/non-burnable (8%), 35-200 year return interval with replacement severity (4%), sparsely vegetated (1%), water (1%), less than 35-year return interval with replacement severity (0.2%), longer than 200-year return interval with replacement severity (0.2%), snow and ice (0.0005%) and indeterminate fire regime (0.00008%).
Recent large fires in the Sierra National Forest include the Aspen Fire of 2013 (9536 ha) and the Tehipite Fire of 2008 (4938 ha) [62] . In 2013, the 104,038-hectare Rim Fire occurred only about 10 km north of the Sierra National Forest, illustrating the possibility of much larger fires occurring in the Sierra National Forest as well. Extensive tree mortality due to drought is causing concerns regarding extreme fire behavior in the future [63] .
Fire Modeling Approach: The Large Fire Simulator
For this project, we required a simulation program that would model fire initiation and growth, landscape-level burn probability and fire perimeters under different fire suppression scenarios. We chose the Large Fire Simulator (FSim) as it has these capabilities [64] . FSim has been widely used in hazard and risk assessments [3, 30, 65, 66] . FSim was designed to simulate the ignition and growth of fires under weather conditions during which fires grow large, as these fires contribute the vast majority of burned area under current fire suppression strategies [64] . Simulation time is saved by The Sierra National Forest comprises about 525,000 hectares situated on the west side of the Sierra Nevada Mountains of California and varies from about 300-3700 m in elevation. Seventy-six percent of the National Forest is tree-dominated, with the remainder being non-vegetated (10%), shrub-dominated (8%), herbaceous (5%) and no dominant life-form (2%) [60] . The most common vegetation types are red fir forest, mesic mixed conifer forest and woodland, and mixed oak woodland [60] . The fire regime consists primarily of frequent fires (≤35-year fire return interval) of low to moderate severity, with 54% of the National Forest having this designation, primarily in the lower elevation areas [61] . As the elevation increases, the fire regime shifts to a longer fire return interval (35-200 years) with low to moderate severity (31% of the National Forest). Other fire regimes in the National Forest include (in order of decreasing prevalence): barren/non-burnable (8%), 35-200 year return interval with replacement severity (4%), sparsely vegetated (1%), water (1%), less than 35-year return interval with replacement severity (0.2%), longer than 200-year return interval with replacement severity (0.2%), snow and ice (0.0005%) and indeterminate fire regime (0.00008%).
For this project, we required a simulation program that would model fire initiation and growth, landscape-level burn probability and fire perimeters under different fire suppression scenarios. We chose the Large Fire Simulator (FSim) as it has these capabilities [64] . FSim has been widely used in hazard and risk assessments [3, 30, 65, 66] . FSim was designed to simulate the ignition and growth of fires under weather conditions during which fires grow large, as these fires contribute the vast majority of burned area under current fire suppression strategies [64] . Simulation time is saved by not simulating the many small fires that do not contribute meaningfully to area burned. As our primary interest pertains to large fires here (those that fall under extended attack), this simulation approach is appropriate.
FSim models ignition and growth of large fires in response to topography, fuel and weather conditions. Inputs required by FSim are: (1) a list of recent large fires with their final area, ignition location and date of discovery; (2) daily weather data from a nearby weather station generally representative of the weather for the simulation area; and (3) a landscape file including fuel and topography information [64] . Daily large fire ignitions are modeled via logistic regression of a fire danger metric (the Energy Release Component for Fuel Model G) with historical large fire ignitions [64, 67] . Once ignited, fire growth proceeds via a minimum travel time algorithm [68] based on the Rothermel rate-of-spread equations and a crown fire model. In addition, FSim contains a fire suppression module that may be activated, presenting users with the opportunity to model fires under a strategy of no suppression or suppression of various intensities [59, 69] . Three key outputs of FSim required for this project are: (1) a raster of the annual probability of burning at all points on the landscape; (2) a list of the ignition date, location and size of each fire; and (3) a set of simulated fire perimeters.
Weather
In order to produce a map of burn probabilities, a modeled approach is necessary: the documentary record of large fire perimeters is too sparse [64] . To remedy this problem, FSim generates artificial yearly weather sequences whose statistics are representative of the local weather station records [70] . Each weather sequence represents a yearly weather scenario that is simulated by FSim; in this sense, FSim is a stochastic model [64] . The length of each weather scenario simulated by FSim is one year. The weather streams consist of daily sequences of a fire danger index (the Energy Release Component (ERC) for Fuel Model G) and random draws from the monthly distribution of wind speed and direction at a local weather station. The ERC is an index in the U.S. National Fire Danger Rating System that provides an approximation of fuel dryness [64] . ERC calculations are based on daily weather records of temperature, humidity, solar radiation and precipitation duration, which are in turn used to calculate fuel moistures in four dead fuel time lag classes (1 h, 10 h, 100 h and 1000 h), as well as live woody and live herbaceous components [71] [72] [73] . The Fuel Model G includes a substantial loading of large dead fuels; because it takes about 1.5 months for these 1000 h fuels (7.6-20.3 cm in diameter) to equilibrate to constant atmospheric conditions, the ERC for this fuel model tracks seasonal trends in fuel dryness [64] .
As an input for generating ERC streams for FSim, we obtained gridded daily ERC values for the period 1992-2012 at a spatial resolution of 0.017 degrees [74] . The average daily value, daily standard deviation and temporal autocorrelation in ERC form the basis for the statistically-generated weather streams in FSim [70] . Due to the lack of temporal correlation in wind speed and direction, daily values are randomly drawn from the historical monthly distributions, in this case at the local Trimmer weather station ( Figure 2 ). Correspondingly, ERC values were drawn from the pixel in which the Trimmer Remote Automated Weather Station (RAWS) is located. The Trimmer RAWS was selected from amongst other nearby weather stations based on: (1) representativeness of the study area; and (2) length and completeness of record.
We used 10,000 years of simulated weather for each FSim run. Note that each year of weather is statistically representative of the contemporary period (21 years of weather from 1992-2012) and does not represent projected changes in weather for the next 10,000 years. Thus, annual burn probabilities represent the annual likelihood of burning given the current landscape and contemporary weather, and fire ignitions and fire perimeters represent a plausible event set of wildfires given the same.
Large Fire Ignition and Growth
Previous work has documented a strong relationship between daily ERC and the probability of ignition of a large fire, as well as area burned [1, 67, 75] . Accordingly, FSim models daily large . When a fire ignites, fire growth and behavior are subsequently determined by daily ERC, wind speed and wind direction in conjunction with a set of landscape inputs including topography and fuels data [68] . . When a fire ignites, fire growth and behavior are subsequently determined by daily ERC, wind speed and wind direction in conjunction with a set of landscape inputs including topography and fuels data [68] . The vertical distance between the red "large fires" curve, and the black "large human-caused fires" curve represents the probability of ignition of large lightning-caused fires.
Landscape
We obtained the required landscape inputs for topography (slope, aspect and elevation) and vegetation (surface fuel model, canopy bulk density, canopy base height, canopy cover and canopy height) from the Landscape Fire and Resource Management Planning Tools, or LANDFIRE program, for landscape conditions circa 2012 [76] . Fuel models were based on the 40-model set of Scott and Burgan [77] . Data layers were upscaled from 30 m × 30 m to 180 m × 180 m pixel resolution for modeling efficiency using a nearest neighbor methodology.
FSim was run with ignitions occurring in an area larger than the Sierra National Forest, in order to allow fires to ignite outside the Sierra National Forest and burn into it ( Figure 2 ). This ignition area, also called the Fire Occurrence Area (FOA), is identical to that used by Scott et al. [78] , which includes a 60-km buffer to the north, northwest and south of the National Forest, a 30-km buffer to the west, and no buffer to the east where the National Forest boundary is located at the Sierra Crest (where fires do not cross from east to west due to a band of rock and ice). The width of these buffers was established by Scott et al. [78] based on analysis of past fires.
Fire Suppression
In its basic form, FSim employs a relatively simple stopping rule, built from the regression model of Finney et al. [59] . This algorithm determines the temporal extent of the fire by probabilistically determining on which day fire growth ceases based on the fire's duration, the fuel type (forest or non-forest) and whether the fire is in a period of high or low growth. The suppression algorithm is applied to the entire fire (as opposed to modeling the cessation of spread in individual cells or along individual flanks).
A perimeter trimming factor can be applied in addition to the stopping rule; while the stopping rule limits the temporal extent, the perimeter trimming factor limits the spatial extent. The perimeter trimming approach is similar to the Petrovic and Carlson [42] approach, which stops fire growth along certain flanks in different burn periods if the fire intensity or rate of spread is below a certain threshold. However, the perimeter trimming approach is distinct in that it in essence builds the Figure 3 . Probability of ignition given Energy Release Component (ERC) for large fires, all lightning fires and large human-caused fires. The vertical distance between the red "large fires" curve, and the black "large human-caused fires" curve represents the probability of ignition of large lightning-caused fires.
Landscape
FSim was run with ignitions occurring in an area larger than the Sierra National Forest, in order to allow fires to ignite outside the Sierra National Forest and burn into it (Figure 2 ). This ignition area, also called the Fire Occurrence Area (FOA), is identical to that used by Scott et al. [78] , which includes a 60-km buffer to the north, northwest and south of the National Forest, a 30-km buffer to the west, and no buffer to the east where the National Forest boundary is located at the Sierra Crest (where fires do not cross from east to west due to a band of rock and ice). The width of these buffers was established by Scott et al. [78] based on analysis of past fires.
Fire Suppression
A perimeter trimming factor can be applied in addition to the stopping rule; while the stopping rule limits the temporal extent, the perimeter trimming factor limits the spatial extent. The perimeter trimming approach is similar to the Petrovic and Carlson [42] approach, which stops fire growth along certain flanks in different burn periods if the fire intensity or rate of spread is below a certain threshold. However, the perimeter trimming approach is distinct in that it in essence builds the fireline each day at the rate determined by a scaling parameter that is specified by the user, with the fireline being built preferentially in the area of lowest fireline intensity [69] . The scaling parameter varies by region.
FSim can also be run under a "no suppression" scenario. The "no suppression" scenario inactivates the stopping rule and allows fires to spread, on days with fire weather conducive to spread, for the duration of a simulated year. Fire growth ceases when the ERC remains below the 80th percentile for a number of days, indicating moist conditions that would extinguish the fire. The number of days is specified by the user based on historical patterns and expert judgement. When the suppression module is active, fires may be halted by either successful suppression or by an extended period of low ERC.
Scenarios for Alternative Suppression Strategies
2.3.1. Scenario 1: Business-As-Usual, or Full Suppression This run was calibrated to emulate annual burn probabilities and fire size distributions during the period 1992-2013, when the de facto national strategy has been full suppression of virtually all fires [79] . Scenario 1 approximates a business-as-usual approach, since only 1.3% of fires in our study area during the period 1999-2009 were designated as wildland fire use, meaning that the remaining 98.7% of fires had active suppression [80] . During the same period, only 6.6% of large fires in the study area were designated wildland fire use [80] .
In FSim, ignitions are allocated temporally based on the simulated weather streams, as discussed above, and they are allocated spatially via an ignition density grid, a raster that gives the relative probability of ignition based on where large fires have ignited in the contemporary period [80] . For Scenario 1, we used an ignition density grid of equal weight for all pixels, since visual inspection of the ignitions did not show a strong pattern.
Large fire size was set at 100 ha (247.1 acres), as this number is approximately that considered by suppression forces to constitute an escaped fire. We used the crown fire model of Scott and Reinhardt [81] , as the input landscape data from LANDFIRE is calibrated for use with this crown fire model. The suppression factor, or alpha in the single-parameter Equation (1) , in the calibration run was set at 2.0 based on previous work showing that this setting generally produces a fire size distribution similar to that of historical fires in the western U.S. (It has been observed in the empirical record of daily containment percentage from Incident Status Summary reports (Incident Command System ICS-209 forms) that alpha varies regionally, perhaps based on resistance to control [82] .) Equation (1) describes the Fraction Contained (FC), which follows a sigmoidal function [82] :
where x is the fraction of fire days and a is the regression coefficient.
In initial test runs, modeled fire sizes were much larger than those in the observed record, so the rate-of-spread was iteratively reduced to bring the mean and median fire size within range of observed values for the period 1992-2013 [80] . In the end, rates of spread in grass, grass-shrub and shrub fuel models were set at 0.4 of the value predicted by the Rothermel spread equation, while rates of spread in timber understory and timber litter fuel models were set at 0.6 [83] . As the outputs of the Rothermel spread equation are widely considered to be accurate within a factor or two or three [40, 84, 85] , these reductions are well within accepted bounds. Fire sizes may also be adjusted via the alpha parameter described above, which changes the rate at which fires are contained and thus the fire size distribution. In this case, we elected to adjust the rate of spread instead, due to well-documented uncertainty in the spread equation. The number of ignitions in the model can be increased or reduced via a parameter (the "acrefract") that proportionally adjusts the number of ignitions to account for factors such as: (1) the size of the simulation area does not match the area from which the fire records are drawn; (2) the occurrence of modeled fires that are too small to count as large fires because their area has been reduced by fireline construction (as discussed regarding
Resources 2018, 7, 4 9 of 26 perimeter trimming above) or due to factors including mild weather or fuel types with slow rate of spread; or (3) the fact that large fires cannot ignite below 80th percentile ERC in the model (In our study area, 28% of the area burned was by large fires that started below 80th percentile ERC. However, large fire growth does not typically occur below 80th percentile ERC [75] . Thus, adjusting the acrefract in effect causes the "missing" large fires that would have ignited below the 80th percentile ERC to start once the ERC is at the 80th percentile or above; the outcome should be similar in terms of model outputs and affects a minority of the large fires modeled.). As a final measure once fire sizes had been calibrated using a rate-of-spread adjustment, we iteratively changed the acrefract until the annual number of large fires was near the observed value.
In addition, we compared the mean historical and modeled burn probabilities as a metric indicating whether the run was sufficiently calibrated (results are reported in Table 1 ). The observed burn probability for the period 1992-2013 was calculated based on observed fires that ignited in the Sierra National Forest, as recorded in the Fire Program Analysis Fire Occurrence Database (FPA FOD) [80] . The mean modeled burn probability was calculated by averaging the burn probability of each pixel in the Sierra National Forest. In order to simulate lightning-caused fires, we performed a logistic regression using the ERC on days when at least one lightning fire of any size ignited. This yielded the probability of a lightning ignition as a function of ERC. Here, we included fires of all sizes (not just large fires) since any of these fires may have the opportunity to grow large in the absence of suppression. We created an ignition density grid for lightning ignitions, which had a spatial pattern indicating ignitions increased with elevation, using kernel density of lightning ignitions within a 50-km radius assigned to a grid of resolution 180 × 180 m. The perimeter trimming and suppression modules were turned off, so that fires were extinguished only by weather. We chose to set the number of consecutive days below the 80th percentile ERC that will result in fire extinguishment at five days based on expert opinion [86] . Acrefract was set at 1, which resulted in an average of 60.1 ignitions per modeled year (this is about half as many ignitions as in the observed record, due to the fact that FSim does not allow fires to ignite at ERCs below the 80th percentile, since they are unlikely to grow large under those weather conditions). All other settings from the calibrated run for Scenario 1 were retained. This run thus yielded expected annual burn probabilities and fire perimeters from lightning ignitions alone.
To simulate the other component of Scenario 2, human-caused large fires, we built the logistic regression based on the ERC on days when a human-caused fire that grew to be over 100 ha ignited. This restricted the population of fires simulated to human-caused large fires. Accordingly, we created an ignition density grid based on only human-caused large fires, which were more common near areas of population which roughly coincided with lower elevations (again, a kernel density function was performed using a 50-km radius). We kept other settings and inputs from Scenario 1, including the acrefract. The results of this run indicate annual burn probabilities and perimeters for human-caused large fires only.
When added, the burn probability grids from these two runs indicate the annual burn probability under a strategy where human-caused large fires are suppressed in a similar fashion to those in the recent historical period but lightning ignitions are not suppressed. Similarly, the two sets of fire ignitions and fire perimeters yielded by these runs were combined to form a full set of fire ignitions and perimeters under this strategy. Because the weather streams were necessarily different across the two runs, we classified the simulation years in each of the two runs into four quartiles based on total area burned, as a proxy for whether the year was an active or slow fire season. Within the quartiles, years were randomly matched (for example, Simulation Year 3 for the human-caused large fires was in the 4th quantile for area burned and was randomly matched to simulation year 1005 of the lightning-caused fires, which was also in the 4th quantile for area burned).
Post-Processing of FSim Outputs
The FSim model has a static landscape and, as such, does not limit the number of times in a year that a pixel can burn. When the suppression module is activated, the amount of overlap (hereafter called "overburn") is generally negligible. For example, for the Scenario 1 run in this study, the amount was 1.5%, while in the human-caused large fire run, the amount of overburn was 1.2% of the total. However, when suppression is turned off and fires grow larger, the amount of overburn increases. This effect was further augmented in the Scenario 2 run, in which we parameterized the daily probability of lightning ignitions of all sizes, which resulted in more and larger fires on the landscape than in a typical run where suppression is activated. For Scenario 2, the amount of overburn was 46.1% of the total area burned. Therefore, we decided to remove the areas of overburn from the results, as it would be rare, if not unheard of, for an area to burn twice in the same year in this particular ecosystem.
To remove overburn, we selected all fire perimeters from a given model year and identified where they overlapped. Then, we examined the date that each fire started. The fire that started first was assumed to have burned the area, and the area of overlap was deleted from subsequent fires that started in that model year. The analysis was automated via a Python script that output a new set of perimeters with overburn deleted. However, this new set of perimeters cannot account for the fact that some fire perimeters had unburned areas remaining within them; these islands cannot be identified since the perimeters demarcate only the outer outline of the area burned. However, we were able to capture some of the unburned islands via the fuel model layer, which contains non-burnable pixels. In order to remain consistent across the two runs, we deleted overburn from both Scenarios 1 and 2. We used the resulting fire perimeters to generate a new burn probability raster. Where fuels were non-burnable, we stamped a burn probability value of 0 onto the recreated burn probability raster, since non-burnable pixels by definition cannot burn. The results presented here are based on the resulting perimeters and the burn probability raster with overburn deleted.
We posit that due to long computational times for the removal of overburn, this endeavor is likely worthwhile only in cases where suppression is not activated and the area of overburn is large. In addition, in some productive ecosystems such as in the southern U.S., burning twice within one year may be possible. We elected to remove overburn here since it would be expected to occur only in very rare circumstances in this ecosystem.
Analysis
Number of Large Fires, Fire Sizes and Burn Probability
We analyzed the FPA FOD [80] in order to calculate the mean annual number of observed fires in the FOA. We subset fires into lightning versus human-caused by using the cause code ("STAT_CAUSE" field) where lightning fires are STAT_CAUSE = 1 and human-caused fires are all other cause codes. We also calculated the average annual area burned by all fires, all lightning fires and all human-caused fires. In addition, we calculated the mean annual number of large fires (>100 ha), as well as subsetting these into large lightning fires and large human-caused fires.
We counted the number of large fires (>100 ha) in the model runs and compared it to the number in the observed record. Observed burn probability for the Sierra National Forest was calculated based on fires igniting within the national forest between 1992 and 2013 [80] , while burn probability in the model runs is the mean for pixels inside the national forest boundary.
We plotted the fire size distributions of observed fires, modeled large fires under full suppression (the results of Scenario 1), human-caused large fires under full suppression (a component of Scenario 2) and all lightning fires with no suppression (the other component of Scenario 2). We calculated the slopes in log10-log10 space using Kendall's tau regression as this method is less sensitive to outliers [64] . We used a bin size of 404.7 ha (1000 acres). The smallest bin in a frequency-magnitude distribution is overpopulated because data spanning several orders of magnitude are compressed into this bin, while the largest bins are underpopulated due to the rarity of the largest events, causing the distribution to curve slightly [64, 87] . Therefore, we fitted the regression lines to fires of sizes 404.7-8093.7 ha (1000-20,000 acres) for modeled fires and 404.7-3237.5 ha (1000-8000 acres) for observed fires. A similar slope coefficient indicates similarity in the proportions of fires in each size class, regardless of the intercept (which is sensitive to the total number of fires; that number is higher in the modeled runs, which operate over 10,000 modeled years, while the observed record extends for only 22 years). As FSim was designed to primarily simulate large fires, we used parameters from observed fires in order to estimate how many small fires were missing from FSim's output. As mentioned before, these fires do not contribute meaningfully to area burned; thus, they are not simulated in FSim, but we wanted to include them in the fire size distributions for completeness. In order to estimate the number of small fires that did not ignite in FSim and would thus be missing from the fire size distribution, we assumed that the total annual number of ignitions would be the same in the modeled scenarios as in the observed record. Thus, we can infer the number of missing small fires and add these to the smallest bin in our fire size distributions. In addition, from this methodology, we were able to estimate the percent of ignitions that grow large in both the observed record and model results ( Table 2) . Table 2 . Annualized numbers of large fires (≥100 ha) in the observed record and model runs. Numbers of small fires (<100 ha) in the observed record were used to infer the number of small fires that would have occurred in simulation runs if ignition below the 80th percentile ERC were allowed. 
Feedback Analysis
We examined two types of feedbacks in area burned, which we call Type 1 and Type 2. Under Type 1 feedbacks, we counted how often a fire attempted to ignite in an area not receptive to burning due to having burned within the previous 5-10 years, and calculated the avoided area burned. Due to uncertainty in how long a recently-burned area would limit fire ignition, we calculated encounter rates under two scenarios: previously-burned areas limit fire ignition for a period (1) of five years, and (2) for ten years. In order to calculate Type 1 feedbacks for the five-year time period, we randomly sampled without replacement six years from the 10,000 simulated years of modeled fires (one of these years is considered to be the current fire year, while the other years constitute the previous five years of fires). We selected years randomly since model years are not implied to be consecutive in FSim. We completed 10,000 random draws of six years for Scenario 1, and also for Scenario 2. We overlaid the large fire ignitions from random Year 6 over the large fire perimeters from Years 1, 2, 3, 4 and 5. If an ignition fell inside a perimeter from the previous five (or ten) years, we assumed the fire could not have ignited. This assumption is based on work by Parks et al. [88] , who found that wildland fire limits the occurrence of subsequent fires in four study areas in the U.S. West, with the amount of time varying by ecosystem from nine to over 20 years. Our choice of five and ten years is thus probably conservative. If we found at least one instance where a fire would not have ignited because the ignition fell on a recently-burned area, we reported this case as a positive outcome under Type 1 feedbacks. In addition, we summed the area of fires that would not have ignited under this rule. Then, we calculated the percentage of total area burned that would be avoided under the Type 1 rule (ignitions cannot grow when they fall atop recently-burned areas). We repeated the process above for Scenarios 1 and 2 with a 10-year limitation. We report Type 1 feedback rates and avoided area burned for Scenarios 1 and 2 as a first step in examining temporal feedbacks resulting from alternative fire suppression strategies.
Under Type 2 feedbacks, we assumed that an area would only be able to carry a spreading fire once within a five-year period. We first removed fires that would not have ignited under the Type 1 rules. We then deleted any part of a fire that overlapped with an area that burned during the previous five years. This is equivalent to assuming that an area cannot reburn within a five-year period due to limitations in fuels. We based this assumption on a study by Parks et al. [89] , who found that recently-burned areas limited the spread of future fires for 6-18 years after fire in four wilderness areas in the U.S. West. We repeated the Type 2 analysis assuming that the limitation in fire spread lasted for a ten-year period instead. Again, our assumption that the effect persists for five to ten years may be conservative. The Type 2 feedback rate refers to the percent of random draws in which there was at least one instance in which a fire overlapped an area burned during the previous five or ten years. We also calculated the acreage reduction based on the deleted polygons in areas that could not reburn under Type 2 rules, as well as the percentage of total area burned that would be avoided.
For this feedback analysis, we used the Sierra National Forest as the study area of interest. We considered only large fires in our analysis. The large fire perimeters were clipped to the boundary of the Sierra National Forest, so all calculations of area burned and avoided area were confined to the National Forest.
This method is a first approximation that explores how feedbacks vary with two effective durations for effects of past fires (five and ten years). Future modeling efforts could apply similar methods but vary the effective duration with spatial variables related to, for instance, elevation and aspect. In addition, since the landscape file in FSim is static, it does not account for how a spreading fire would interact temporally with a recently-burned area, which could affect the final fire extent. We elected not to delete orphaned fire perimeters after clipping burned areas as this would have increased computational time considerably; we investigated a subset of the clipped perimeters and did not find any instances where this occurred, so we concluded that it was a relatively rare incidence.
Results
We present results regarding the observed fire record of the study area and of two alternative fire suppression strategies from nearly opposite ends of the fire management continuum. These two strategies have different implications for the daily probability of a large fire ignition, the commensurate number of large fires modeled, the fire size distribution and burn probabilities. In addition, the prevalence of feedbacks self-limiting future fire growth is markedly different between the two scenarios.
Number of Large Fires, Fire Sizes and Burn Probability
In the observed record of fires occurring in the study area between 1992 and 2013, the vast majority of area was burned by large fires (>100 ha). In the FOA, fires larger than 100 ha burned 93% of the total area burned [80] . Large lightning fires burned 96% of the area attributed to lightning fires, while large human-caused fires burned 91% of the area attributed to human-caused fires. Thus, FSim, which is focused on simulating fires during conditions when fires grow large, captures the vast majority of total area burned, regardless of fire cause. Annual acreage totals indicate that on average, about 12,500 ha burns in the FOA, of which about 66% is from human-caused fires (Table 1 ) [80] . Thus, the fire regime is currently dominated by human-caused fires.
The probability of a fire ignition increases with ERC, as higher ERCs indicate drier fuels. In the observed record, ignition of a lightning fire was more likely for a given ERC than ignition of a large fire, which was more likely than ignition of a large human-caused fire ( Figure 3) .
Once a fire ignites in FSim, it grows based on weather (ERC, wind speed and wind direction) subject to the suppression rules. An average of 8.4 large fires per year occurred in Scenario 1, which was close to the observed number of large fires (9.1) due to calibration efforts (Table 1) . However, note that the number of large fires in FSim is controlled by the probability of ignition (which is based on daily ERC), as well as the opportunity for an ignition to grow large (based jointly on weather, landscape patterns of fuels and fire suppression). Thus, the number of large fires is not predetermined by the user, but is an outcome of other settings, including those chosen for fire suppression during calibration. We applied all settings from the calibrated run (Scenario 1) to the human-caused large-fire full-suppression run (except for ignition probability, which was in the latter case based on human-caused ignitions alone rather than ignitions from all causes as in the calibration run); this resulted in a number of large fires in the human-caused fires model run that was similar to, but slightly higher than in the observed record (6.1 versus 5.1). Lightning ignitions were more likely to grow large in FSim due to the suppression module being switched off, and an average of 38.6 large fires per year occurred. The number of large fires is thus a product of both the probability of ignition and the suppression rules.
In the observed record, 1.6% of ignitions grew to be large. This corresponds closely to initial attack success rates (meaning the proportion of fires that did not grow large) reported by the U.S. Forest Service nationally [79] . Of human-caused fires in the observed record, 1.2% grew to be large, while more than double that number, or 3.3%, of lightning fires grew to be large ( Table 2 ). The greater proportion of large lightning fires may reflect the fact that they tended in this study area to be more remote (and thus more difficult to suppress), or may reflect a tendency to use less-than-full suppression of some lightning fires. We derived estimates of these proportions for the modeled fires, as well, and found large-fire rates for Scenario 1 (1.5%), and the human-caused ignitions (1.4%) were similar to the proportion in the observed record. However, for the lightning-caused fires (a run in which suppression was turned off), 27.4% of fires grew to be large. If we define very large fires as those greater than 2023.4 hectares (5000 acres), only 0.2% of fires in Scenario 1 grew to be very large, while 14% of fires in Scenario 2 met this criterion. Median fire sizes in the no-suppression lightning fire run were about 5.5 times larger than runs where suppression was activated ( Table 1) .
The size distributions of observed fires follow a power law (Figure 4 ) [90] . Similarly, fire sizes in FSim follow a power law distribution [64] , probably due to power law distributions in the topographic and weather parameters that determine opportunities for fire growth (for example, long periods of hot, dry and windy weather are rare, but short periods are much more common). One defining parameter of a fire size distribution is its slope. The slope of the observed fires (slope = −1.59), modeled large fires under full suppression (Scenario 1, slope = −1.75) and modeled human-caused fires under full suppression (slope = −1.77) are quite similar in the range where the bins are well populated. The slope of the lightning fires, a run in which suppression was turned off, is flatter (slope = −1.04), meaning that more fires were classified into the larger size bins; an expected result since fire growth was not stymied by suppression in this run. The mean annual burn probability (the average odds of a pixel burning) for the Sierra National Forest was 0.0048 in the business-as-usual scenario (Scenario 1), close to the observed burn probability of 0.0053 (Table 1) . Burn probabilities were higher along the southwest portion of the study area and lower in the eastern portion of the study area (Figure 5a ). This pattern was likely driven primarily by fuel type, with the shrub and timber-understory fuel types in the southwest portion of the study area generally having higher rates of spread and thus contributing to more rapid fire growth than the primarily timber litter fuel types in the eastern portion of the study area (Figure 5b ). In the eastern part of the study area, fire spread was also checked by non-burnable areas where rocky sites occur in the Sierra Nevada Mountains. The mean annual burn probability (the average odds of a pixel burning) for the Sierra National Forest was 0.0048 in the business-as-usual scenario (Scenario 1), close to the observed burn probability of 0.0053 (Table 1) . Burn probabilities were higher along the southwest portion of the study area and lower in the eastern portion of the study area (Figure 5a ). This pattern was likely driven primarily by fuel type, with the shrub and timber-understory fuel types in the southwest portion of the study area generally having higher rates of spread and thus contributing to more rapid fire growth than the primarily timber litter fuel types in the eastern portion of the study area (Figure 5b ). In the eastern part of the study area, fire spread was also checked by non-burnable areas where rocky sites occur in the Sierra Nevada Mountains. Figure 5 . (a) The annualized burn probability from large fires with full suppression (Scenario 1 outputs). Burn probabilities were affected by fuel type (b), which influences fire spread rates. Note that the burn probabilities are displayed on a logarithmic scale, so that warmer colors correspond to order-of-magnitude higher burn probabilities. Figure 5 . (a) The annualized burn probability from large fires with full suppression (Scenario 1 outputs). Burn probabilities were affected by fuel type (b), which influences fire spread rates. Note that the burn probabilities are displayed on a logarithmic scale, so that warmer colors correspond to order-of-magnitude higher burn probabilities.
The pattern of burn probability was similar to that in Scenario 1 for the human-caused large fire run (a component of Scenario 2), since most large fires in the study area are human-caused (Figure 6a) . However, the mean burn probability from this run was 0.0026, lower than Scenario 1 by almost half, as it did not include lightning ignitions ( Table 2 ). The burn probability from all lightning ignitions (the other component of Scenario 2) was much higher than either of the two other runs, at 0.1741, due to the fact that lightning ignitions of all sizes were used to derive the daily probability of ignition and no ignitions were suppressed, resulting in approximately four times more large fires than in Scenario 1 and mean fire sizes that were approximately twelve times larger ( Table 1) . The human-caused and lightning-caused components were added to derive the total burn probability of 0.1751 under Scenario 2, about 36 times higher than in Scenario 1 ( Table 1) .
The pattern of burn probability was similar to that in Scenario 1 for the human-caused large fire run (a component of Scenario 2), since most large fires in the study area are human-caused (Figure 6a) . However, the mean burn probability from this run was 0.0026, lower than Scenario 1 by almost half, as it did not include lightning ignitions ( Table 2 ). The burn probability from all lightning ignitions (the other component of Scenario 2) was much higher than either of the two other runs, at 0.1741, due to the fact that lightning ignitions of all sizes were used to derive the daily probability of ignition and no ignitions were suppressed, resulting in approximately four times more large fires than in Scenario 1 and mean fire sizes that were approximately twelve times larger ( Table 1 ). The human-caused and lightning-caused components were added to derive the total burn probability of 0.1751 under Scenario 2, about 36 times higher than in Scenario 1 ( Table 1) . Figure 6 . Annual burn probability resulting from: (a) human-caused large fire ignitions; (b) all lightning ignitions; and (c) their added result, the output from Scenario 2. The burn probability scale is identical to that in Figure 5 .
Feedback Analysis
Feedback rates (a term used here to describe the chance a fire will be limited by feedbacks due to recently-burned areas) give an indication of how temporal feedbacks in fire suppression strategies could affect area burned over time (Figure 7) . We found that for Scenario 1, within a five-year period, in 7% of cases, at least one ignition would have fallen in an area that was non-burnable due to having been burned during the previous five years (which we classified as a Type 1 feedback), resulting in a mean reduction of 89 ha or 3% of burned area (Table 3) . For Scenario 2, the Type 1 encounter rate was 91%, indicating that the increased burned area can be expected to form barriers to future fire ignition and spread in nine out of ten random five-year periods, producing a mean reduction of 67,163 ha or 64% of burned area. The effect of Type 2 feedbacks (under which we assumed an area could carry a spreading fire only once within five years, as well as that Type 1 feedbacks are also in play) was also powerful. Type 2 feedbacks occurred in 27% of five-year periods under Scenario 1 and in 94% of random draws for Scenario 2. Commensurately, average reductions in burned area were larger: 148 ha (5%) for Scenario 1 and 100,476 ha (81%) for Scenario 2. 
Feedback rates (a term used here to describe the chance a fire will be limited by feedbacks due to recently-burned areas) give an indication of how temporal feedbacks in fire suppression strategies could affect area burned over time ( Figure 7) . We found that for Scenario 1, within a five-year period, in 7% of cases, at least one ignition would have fallen in an area that was non-burnable due to having been burned during the previous five years (which we classified as a Type 1 feedback), resulting in a mean reduction of 89 ha or 3% of burned area (Table 3) . For Scenario 2, the Type 1 encounter rate was 91%, indicating that the increased burned area can be expected to form barriers to future fire ignition and spread in nine out of ten random five-year periods, producing a mean reduction of 67,163 ha or 64% of burned area. The effect of Type 2 feedbacks (under which we assumed an area could carry a spreading fire only once within five years, as well as that Type 1 feedbacks are also in play) was also powerful. Type 2 feedbacks occurred in 27% of five-year periods under Scenario 1 and in 94% of random draws for Scenario 2. Commensurately, average reductions in burned area were larger: 148 ha (5%) for Scenario 1 and 100,476 ha (81%) for Scenario 2. An illustration of the two types of feedbacks. In this example, we assume that burned areas prevent the ignition and spread of future large fires for a duration of five years. We show a set of ignition locations and corresponding fire perimeters for six randomly selected model years from Scenario 2. Each of the fire perimeters from the previous five years is displayed with a different color of grey, while current-year ignitions are shown in dark orange and blue. Under Type 1 assumptions, five of the nine fires from the current year would not have ignited because they fell atop an area burned during the previous five years (blue ignitions); the four fires that fell outside of recently-burned areas (dark orange) would have been able to ignite and spread (their corresponding perimeters are displayed in transparent orange). Under Type 2 assumptions, the areas where the current year (orange) perimeters overlap with a fire perimeter from the previous five years (grey) would not have occurred, as the previously-burned areas would remain non-burnable for five years. In this particular case, if there were no feedbacks in effect, the total area burned by large fires in the Sierra Nevada National Forest during the current year would have been 14,969 hectares. Under Type 1 assumptions, the area would have been reduced to 4597 hectares (69% reduction). Under Type 1 and 2 assumptions, the area would have been further reduced to 2793 hectares (81% reduction). An illustration of the two types of feedbacks. In this example, we assume that burned areas prevent the ignition and spread of future large fires for a duration of five years. We show a set of ignition locations and corresponding fire perimeters for six randomly selected model years from Scenario 2. Each of the fire perimeters from the previous five years is displayed with a different color of grey, while current-year ignitions are shown in dark orange and blue. Under Type 1 assumptions, five of the nine fires from the current year would not have ignited because they fell atop an area burned during the previous five years (blue ignitions); the four fires that fell outside of recently-burned areas (dark orange) would have been able to ignite and spread (their corresponding perimeters are displayed in transparent orange). Under Type 2 assumptions, the areas where the current year (orange) perimeters overlap with a fire perimeter from the previous five years (grey) would not have occurred, as the previously-burned areas would remain non-burnable for five years. In this particular case, if there were no feedbacks in effect, the total area burned by large fires in the Sierra Nevada National Forest during the current year would have been 14,969 hectares. Under Type 1 assumptions, the area would have been reduced to 4597 hectares (69% reduction). Under Type 1 and 2 assumptions, the area would have been further reduced to 2793 hectares (81% reduction). Table 3 . Effect of feedbacks on burned area during five-and ten-year periods. Type 1 feedbacks are those where a fire could not ignite because it fell on a pixel burned during the previous five years. Type 2 feedbacks incorporate the effect of Type 1 feedbacks plus the assumption that an area could not carry a spreading fire more than once during a five-or ten-year period. The two negative numbers are a result of rounding error in area estimates. NB = Non-Burnable duration. * Note that proportions could not be calculated when the area burned was zero, resulting in NA values (for the four scenarios, these were respectively number of NAs = 2725, 2750, 468, 465). If the duration over which an area is considered non-burnable is extended to ten years, the feedback effects strengthen in both frequency and magnitude. Type 1 feedbacks occurred in 12% of random ten-year draws for Scenario 1 and would produce an average acreage reduction of 174 ha or 7% of burned area (essentially twice the reduction expected if feedbacks last half as long). If Type 2 feedbacks are also in play, approximately 37% of cases would be affected, with a mean acreage reduction of 289 ha or 10% of burned area. These figures are again approximately double those for the five-year period. For Scenario 2, 94% of random ten-year draws had a Type 1 feedback, producing a mean acreage reduction of 83,540 ha or 78% of burned area. When Type 2 feedbacks are also included, 95% of cases were affected for a mean acreage reduction of 117,185 ha or 95% of burned area. Acreage reductions for Scenario 2 for an effective duration of ten years are less than double those of the five-year period, as the landscape is becoming saturated by burning at higher rates and the acreage reductions are slowing as they approach 100%.
Feedback
Therefore, while burn probabilities might increase dramatically over the short term under Scenario 2, feedbacks can be expected to cause marked self-limitation in burned area and constrain burn probabilities and potential for large fires within a short timeframe.
Discussion
The primary contributions of this paper are to introduce and illustrate a proof-of-concept modeling approach for approximating alternative fire suppression strategies and to examine the extent to which feedbacks might produce self-limitation in burned area under different strategies. Relative to approaches that attempt to model the productivity or effectiveness of suppression actions directly, the proxy approach taken here has the advantage of being calibrated against observed fires, and we believe it is less subject to errors and assumptions resulting from knowledge gaps relating to the effectiveness of suppression actions. These knowledge gaps are particularly prominent for management of the larger, more complex, longer-duration fires common in the western U.S., where a broader mix of suppression strategies can be deployed and where substantial uncertainties remain. It is our hope that this modeling approach helps bridge gaps in knowledge and understanding of the consequences of changing fire management response.
The value of such a modeling approach also stems from helping address the growing biophysical need in the western U.S. and other locations for more fire on the landscape in order to reduce hazard and restore forest condition [16, 18] . Prior to European settlement, both Native American and lightning fires contributed to frequent fires in this region [91] . Recent fire return intervals are well below historical values in this part of the Sierra Nevada as a result of fire suppression, including removal of Native American burning [91, 92] . Forest structure has been affected by decades of fire suppression and selective harvest of large trees, resulting in higher tree densities and ladder fuels [91] . Hence, the current proportion of high severity fire as a result of wildfires may be higher than in the past [8] . However, some previous work indicates that fires managed for resource benefit in the Sierra Nevada are of lower severity than fires where full suppression is utilized and that fire severity patterns on resource benefit fires are within the natural range of variation [93] . Indeed, moderate rather than low severity fire may be needed to restore stand structure, with patches of high-severity fire needed to restore landscape heterogeneity [94, 95] . In addition, strategically-placed fuel treatments have the potential to reduce risk to highly valued resources from future fires and could facilitate the return of fire on this landscape [96] . Whether fire managers are interested in utilizing alternative suppression approaches in pursuit of ecological goals, enhanced fire responder safety, exploring temporal feedbacks, or other concerns, we believe the general approach presented here could have broad global applicability. Certainly, the modeling approach could be tested and applied anywhere for which input data (landscape, weather, and fire occurrence) are available.
The foundation of our approach is to start with calibrated, peer-reviewed fire simulation models and couple their use with scenario analysis. We chose two simplified scenarios to evaluate here, as a starting point for examining the effect of fire suppression of the number and size of fires, burn probability and resulting encounter rates. A number of more nuanced response strategies can be investigated using this model output, including decisions about whether to suppress a fire based on factors such as its location, time of season or current weather. The results of these two fire management scenarios, chosen from nearly opposite ends of the fire management continuum, demonstrate that fire suppression strategies can have a large impact on the number of large fires, fire sizes, burned area and burn probability. Choosing a no-suppression strategy produced predictions of large increases in the number of large fires, their median size and the commensurate burn probability, indicating that there is potential to employ managed fires in restoration in the Sierra Nevada, but more research is likely needed in order to analyze resulting fire severity patterns. Considerable uncertainty exists in simulating such counterfactual strategies since there are few if any completely unsuppressed fires with which to compare our outputs. Future work could make important contributions to beginning to understand some of this uncertainty by varying model parameters (such as the number of days below 80th percentile ERC required to extinguish a fire). By engaging in this type of scenario planning, current simulation models could provide land managers with a set of possible fire outcomes. As this work is very computationally intensive due to both processing time and post-processing endeavors, however, it is beyond the scope of this proof-of-concept manuscript. Despite large uncertainties in the Scenario 2 outputs, we are confident in the qualitative nature of the outputs that indicate many more large fires and much higher burn probabilities due to the absence of suppression than in Scenario 1.
However, we found feedback loops will affect these factors over time. While fire management strategies that limit suppression may produce markedly higher burn probabilities over the short term, the larger number and size of burned areas in this type of scenario would (depending on severity and subsequent vegetation dynamics) likely form barriers to the ignition and spread of future fires, in essence acting as fuel breaks. The results presented in Table 3 may tell the most compelling story: near-term feedbacks may dramatically reduce annual area burned, with corresponding changes in landscape conditions and demand for suppression response. The encounter rates between burned areas and subsequent ignitions reported here are a first approximation in demonstrating the temporal dimension of alternative fire suppression strategies using our modeling framework. Compared to a full-suppression scenario, feedbacks in burned area were expected to result in larger and substantial limitations of ignitions and area burned in the scenario where lightning fires were not suppressed. Therefore, while burn probabilities would be elevated in the short term, feedbacks would be likely to limit future fires somewhat, an effect documented also in observed fires [88, 89] . Capturing the full set of temporal feedbacks resulting from alternative fire suppression strategies remains a challenge. For instance, models that update the landscape file to reflect burned area and vegetation succession would be a powerful way to examine temporal feedbacks in future work, but come with additional computational challenges and numerous inherent uncertainties [40, 97] .
The use of modeling scenarios such as those presented here can help inform land management decisions. Our results provide further support for the potential for wildland fires to act as a fuel treatment, in order to reduce the potential for ignition and spread of future fires, especially where the landscape may benefit from fire, or where a burned area may serve as a barrier to protect highly valued resources such as municipal watersheds [34, 88, 89] . While this work demonstrates the potential to leverage managed lightning fires as a restoration tool, many questions remain about where and when such fires would be likely to meet ecological goals in terms of acreage burned, fire severity and effect on highly valued resources. Because stand structure in the U.S. West has changed as a result of fire suppression and timber harvest, restoration of stands via prescribed burning perhaps accompanied by mechanical fuel treatment where feasible may be warranted [96] ; however, recent observations indicate that fire alone may be sufficient to restore stands to a desirable structure over the long term, though this may require more than one fire [91, 95, 98] . Fire severity in the Sierra Nevada is strongly influenced by relative humidity and time since fire, among other factors, suggesting that choices about when and where to utilize managed lightning fires may depend on both weather and location [99] . Previous work has provided a framework to evaluate the potential benefit and loss from the next fire [29] ; the work presented here begins to incorporate the temporal dimension of feedbacks in burned area, translating to an enhanced ability to balance tradeoffs between short-and longer-term risks.
The framework presented here has the flexibility to evaluate any number of alternative fire management scenarios, ranging from no fire suppression to attempting suppression of all fires and a rich array of possibilities in between. These strategies can be evaluated in terms of fire behavior metrics including burn probability and an event set of fire perimeters, setting the stage for evaluating socioeconomic and ecological impacts. Next steps include integrating fire model outputs with additional data and models to estimate consequences to the wildland-urban interface, forest resources, and suppression budgets. Planned modeling work also includes merging response strategies with landscape fuel treatment strategies [30, 96] to explore whether expanding the footprint of fuel treatments expands opportunities for more managed fire.
Although the scenarios we explored are broadly representative of the fire management continuum, they should not be taken as indicative of actual management policies or strategies that would necessarily be pursued by local managers. Obviously, factors like the location and susceptibility of highly valued resources and assets on the landscape will dictate where and under what conditions fire managers would realistically opt to let lightning-caused fires burn without suppression. This points to an opportunity for extending the work demonstrated here by integrating scenarios with spatial risk analyses, management objectives, and planning documents. A richer modeling approach could for instance explore not only stopping rules but also starting rules based on factors like seasonality and location, approximating the "go/no-go" decisions around initial response to ignitions. Analyses that explore the growth potential of unsuppressed fires igniting within designated wilderness boundaries provide a useful starting point [100, 101] , which could be augmented with geographically-determined perimeter trimming factors and other modeling approaches.
The current fire management situation in the U.S. (in which decades of forest management, timber harvest and fire suppression have contributed to greater vertical and horizontal continuity of fuels [102] , increases in fire danger are producing longer fire seasons [1, 103] , and an average of 16 firefighters perish in the line of duty annually [104] ) has in fact been well-recognized by scientists and land managers for several decades. To use the words of former Secretary of the Interior Bruce Babbitt in 1997, the situation may seem like an "unforeseen and unintended nightmare" [105] . However, as Babbitt suggested 20 years ago, the solution may be to restore the process of wildfire in many parts of the West, using "flame [to shape] . . . the structure of the forest". A number of challenges exist, however, in doing so, including mitigating risks to the wildland-urban interface and other highly-valued resources. We present here a modeling methodology that can be leveraged in future work to aid in the estimation of the risks, potential costs and benefits (in both an ecological and monetary sense) of alternative fire suppression strategies at the landscape level.
Conclusions
Here, we demonstrate a modeling approach that can be used for evaluating the effect of alternative fire suppression strategies on the number of large fires, fire size distributions and annual burn probabilities. Results indicate that suppression strategies can have a large effect on all these variables. Moving away from a strategy of full fire suppression may greatly increase fire occurrence over the short term. However, increasing fire on the landscape will have feedback effects that may be substantial, as fires from previous years are likely to act as fuelbreaks and limit future fire spread.
Despite limitations in knowledge regarding fire suppression that provide challenges in modeling alternative fire suppression strategies, we present a methodology that allows a stochastic fire simulation model to be calibrated to observed fires, providing a statistical means to model fire suppression. This method can be used to simulate any number of alternative fire suppression strategies. In addition, our methodology provides necessary inputs for evaluating the risks, costs and benefits of alternative strategies in future work.
